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The complex bulk compliance (dynamic compressibility) of a commercial sample of
poly (vinyl acetate), AYAT, was measured at frequencies from 50 to 1,000 cycles per second,
temperatures from 0 to 100 °C, and static hydrostatic stresses from 0 to 981 bars (gage pres-
sure) using an alternating hydrostatic stress generated and detected by piezoelectric trans-
ducers mounted in an essentially noncompliant cavity with dimensions small in comparison
to a wavelength. The above temperature range was more than sufficient to cover the dis-
persion region in which an inflection in the storage compliance and a maximum in the loss
compliance were observed. The data were reduced to functions of reduced variables using
the WLF Equations extended to include static pressure with the "universal" WLF Constants
and dT/dP=0.020 °C/bar. The difference in limiting compliances at zero and infinite
frequencies was larger than that predicted from the dT/dP shift using the free volume concept.
A discussion is presented on possible processes that might contribute to an excessive value
between limiting compliances.

1. Introduction

The free volume concept [1] 1 has been used fre-
quently to explain the glass transition of polymers
and glass forming liquids. To apply this concept
it is postulated that the necessary and sufficient
condition for a glass transition to occur in a polymer
is that the free volume fraction reach the critical
value necessary for continuously changing molecular
arrangements, which account for the physical be-
havior typical of the liquid or rubbery state. This
critical value of free volume fraction has been as-
sumed to be independent of temperature and static
pressure for a given material and nearly independent
of the material (as long as it will undergo a glass
transition under some conditions of state).

Measurements of the dynamic compressibility
of vulcanized natural rubber-12 percent sulfur [2]
were interpreted in terms of this concept, assuming
that the compressibility observed at frequencies
above (or temperatures below) the frequency-
dispersion region corresponded to the compressi-
bility of the occupied volume alone, and that the
compressibility at frequencies below (or temperatures
above) the dispersion region corresponded to the
compressibility of the occupied plus the free volume.
An extended WLF [1] equation including a linear
dependence of free volume fraction on static pres-
sure was used to reduce these observations to func-
tions of a single variable. The "universal" WLF
constants were found adequate to reduce the results
at one atmosphere in terms of a single variable
including frequency and temperature. The coef-
ficient of pressure in the free volume fraction expres-
sion, evaluated empirically from the shifting of the
dispersion region due to pressure, agreed with the

i Figures in brackets indicate the literature references at the end of this paper.

isothermal compressibility difference calculated from
the adiabatic difference in compressibility above and
below the dispersion region.

For rubber-sulfur the shift in temperature with
static pressure at constant free volume, 0.024
°C/bar, was nearly the same as that found for several
other polymers investigated by different techniques:
0.025 for polyisobutylene [3], 0.027 for polyethylene
[4], and 0.031 for polystyrene [5] hinting at the possi-
bility that these numbers might be approximated by
a "universal" constant as in the case of the WLF
Universal Constants.

The purpose of this work was to investigate the
effect of static pressure, temperature, and frequency
on the dynamic compressibility of poly (vinyl ace-
tate) in the vicinity of the glass transition in order
to check on a different polymeric system the applica-
bility of this free volume concept to explain the
effects of pressure on mechanical properties and to
evaluate the applicable constants.

2. Experimental Method

The dynamic bulk compliance2 measurements
were made with an apparatus described in previous
publications [6, 7]. In this method the sample is
contained, along with two PZT 3 ceramic volume
expander transducers mounted on compliant copper
springs, within a cylindrical cavity sufficiently small
to make the acoustic pressure hydrostatic. The
remaining air is displaced with a pressure trans-
mitting fluid [di(2 ethyl hexyl) sebacate] whose
adiabatic compressibility is known from previous
PVT and heat capacity measurements. An a-c

2 Compliance here is equivalent to compressibility in the usual acoustic usage.
This follows the recommendations of the Committee on Nomenclature of the
Society of Rheology [8].

3 A solid solution of lead titanate and zirconium titanate supplied by the Clevite
Eesearch Laboratory, Cleveland, Ohio.
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voltage is applied to one transducer and a corre-
sponding signal is observed on the other. From the
complex voltage ratio the complex bulk compliancesr
may be calculated. The temperature is controlled
by immersing the entire assembly in a thermostated
bath and any desired static pressure in the range of
0 to 1,000 bars (gage pressure) may be superimposed
upon the dynamic pressure using a hand operated
pump.

The calibration procedure and the dynamic bulk
compliance determinations on poly (vinyl acetate)
were similar to those used on rubber sulfur [2].
All runs were made along an isobar with increasing
temperature and the system was permitted to reach
thermal equilibrium before each reading was
recorded.

It is required that the specific volume of the
sample be known as a function of temperature and
pressure in order to calculate its dynamic bulk
compliance from the transducer equations. Also
such data yield useful information including the
thermal expansivity, the isothermal compressibility,
the glass transition temperature and its shift with
pressure, all of which are useful in evaluating the
parameters for a reduced variable formulation.

The specific volume of this sample of poly (vinyl
acetate) was determined by using a glass dilatometer
with mercury as a confining liquid. This was
placed in a pressure cell with glass windows to view
the height of the mercury column. The cell in
turn was placed in a liquid thermostat. The pres-
sure was limited to 500 bars to prevent collapse of
the glass windows.

3. Samples

The poly (vinyl acetate) supplied through the
courtesy of G. M. Powell of the Bakelite Company
was a commercial sample designated AYAT for
which the intrinsic viscosity in cyclohexanone at

20 °C was given as 0.69 dl/g. The polymer was
received in the form of small pellets averaging about
0.6 cm in diameter. These were molded at about
100 °C into disks 1.5 cm in diameter and 3 mm
thick. In order to determine if there were any
significant swelling in the pressure transmitting oil
[di(2 ethyl hexyl) sebacate], one of the disks was
placed in the oil and weighed at approximately
weekly intervals for six weeks. All of the weighings
agreed within 2 parts in 104 indicating no significant
swelling which could influence the bulk compliance
determinations. In addition, the disk used in the
bulk compliance determinations was weighed at
frequent intervals to check for any effect of pressure
on the swelling rate. Again the weighings agreed to
within 2 parts in 104.

4. Results

4.1. Specific Volume Measurements

The specific volume, Vs, of PVAc as a function
of temperature at several static pressures is shown
on figure 1. All of the observations were taken
along an isobar for each of the four runs. Measure-
ments in the liquid region were independent of the
direction of temperature change and reached equi-
librium in about 15 min, which is about the time for
the apparatus to reach equilibrium. In the glassy
region about 1 hr was required to obtain apparent
equilibrium4 for each observation at constant
pressure. It was found that the most reproducible
measurements could be taken by commencing at
some temperature above the transition region and
then decreasing the temperature at constant pres-
sure, allowing sufficient time to reach apparent
equilibrium for each observation.

* The criterion adopted was that no further change in volume could be observed
over a period of 1 hr within the precision of the experiment.

-10 20 30 40 50
TEMPERATURE, T (°C)

60 70 80 90

FIGURE 1. Specific volume of PVAc plotted against temperature at several pressures.
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The dashed lines with positive slopes are extrap-
olated values of Vh the specific volume established
from volume-temperature relations in the liquid
state, and Vg, established from volume-temperature
relations in the glassy state. Vx and Vg were ob-
tained by a least squares fit on the data, linear in
T and quadratic in P, treating the liquid and glassy
regions separately and ignoring the data in the
transition region. The glass transition temperature,
Tgy was obtained from the intersections of the
extrapolations of Vz and Vg and was found to be
17 °C at 1 atm (P=0) and vary with pressure at a
rate of about 0.020 °C/bar, as indicated by the
dashed line with negative slope. As seems charac-
teristic of poly (vinyl acetate), the glass transition
temperature is poorly defined, since the thermal
expansivity changes markedly over a temperature
range of about 15°.

We had originally thought that our sample was a
pure polymer, free of contaminant or very low
molecular weight components; however, the value of
Tg determined from this experiment is low in com-
parison with the generally accepted values of 25 to
32 °C. The low value obtained here may be partly
attributed to the longer than usual times permitted
for the specific volume observations to approach
apparent equilibrium. On the other hand heating
the sample in a vacuum at 70 °C for one week
resulted in a loss of weight amounting to almost 2
percent. The presence of contaminant could lower
the value of Tg and therefore contribute to the
lower than usual value observed; thus, the data
from our sample do not apply to pure PVAc, but to
a sample with a small amount of contaminant.
This uncertainty does not, of course, affect the
validity of our results so far as our primary purpose
is concerned.

Two additional thermodynamic quantities that
are sometimes useful in evaluating some of the
reduced variable parameters are the isobaric thermal
expansivity,

1 (W
a=v\WT

and the isothermal compressibility,

The related reduced variable parameters are sup-
posed to be the differences in the values of a and the
values of /? between the liquid and glassy states.
Table 1 gives the thermal expansivities for the
liquid state,

for the glassy state,

_ 1 (W.\

and the difference, AQJ, evaluated at T= Tg for each
observed pressure.

The compressibility, 0, was difficult to determine
due to the lack of data at different pressures, in
particular those above 500 bars; hence, any at-
tempted evaluation to obtain the desired difference,
A0, will be too uncertain to have any merit.

TABLE 1. Thermal expansivities of PVAc for the liquid and
glassy states evaluated at T= Ts for each observed pressure

p

Bars
0

98
245
490

Te

°C
17
21
24
26

«JX104

°C~l

6.74
6.52
6.19
5.65

a*X10*

°c-i
2.26
2.21
2.15
2.03

AaXlO*

°C-i
4.48
4.31
4.04
3.62

Values of Vs at pressures higher than 490 bars
required for dynamic compressibility determinations
(735 and 981 bars) were evaluated by linear extra-
polation using slopes determined from values at
245 and 490 bars. Although the dependence of
Vs on P is not exactly known at the higher pressures,
this procedure is legitimate because of the small
change in Vs with P. For example, an error in the
slope of 10 percent will only produce a 0.2 percent
error in Vs, which is smaller than other uncertainties
involved.

4.2. Dynamic Bulk Compliance Measurements

Figure 2 shows the storage compliance, Bf, at
1,000 c/s as a function of temperature at different
static pressures. At the higher pressures the data
for some of the runs appear to be biased. That is,
all of the values at one pressure appear to be in
error by nearly a constant amount over a large
temperature range. For example, the lower four
curves were taken at equal pressure intervals;
however, the compliance values, especially at high
temperatures, do not decrease in a smooth fashion
with pressure as would be expected. In particular
the gap between the 490 and 736 bar curves appears
to be excessive. This effect is attributed to varia-
tions in transducer response between the sample
and calibration runs. The larger the temperature
and pressure ranges that are covered, the less
reproducible the measurements become, presumably
because of irreversible changes in domain configura-
tion within the transducers. For an isothermal run
at 90 °C the response of W with pressure was much
smoother and, in particular, the excessive gap
between the values of B! at 490 and 736 bars shown
in figure 2 was not apparent.

Figure 3 shows the corresponding loss compliance.
The temperatures for maximum B" appear nearly
the same as those for the inflections in B' in figure 2.
For a single retardation time, or a symmetrical
distribution of retardation times, these points appear
at the same frequency when plotted against log
frequency and would appear at the same temperature
when these functions are plotted against tempera-
ture, except that there are slight displacements from
the variation of AB, the difference between low and
high frequency limiting compliances, with tempera-
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FIGURE 2. Storage compliance at 1,000 c/s plotted against temperature at several pre&sur&s.

40 50 60

TEMPERATURE, T(°C)

70 80 90 100

FIGURE 3. Loss compliance at 1,000 c/s plotted against temperature at several pressures.

ture. For an unsymmetrical distribution it can be
shown [9] that the following inequalities hold, where
Tmax is the time corresponding to the maximum of
bulk retardation spectrum Lv(ln r) defined by the
relation,

B*= ln r) dlnr+Ba

a>' is the angular frequency (co—2irv) of the inflection
of Br versus lnco, and a/' is the frequency of max B"\

1
*">«'>-

if ip(ln T) falls off more rapidly for
T<rmax, and

1

than for

if Lfl(ln T) falls off more rapidly for r<^rmgiX than for

The storage compliance at different frequencies for
three different static pressures is shown in figure 4.
The data at 1,000 c/s are identical to that shown in
figure 2 under the same conditions. Scatter is
higher at the lower frequencies, mostly because of a
characteristic 1/v noise [10]. The data at z>=50 and
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FIGURE 4. Storage compliance plottedjagainst temperature at several pressures and frequencies.

P=0 were omitted entirely because of excessive
scatter.

The corresponding loss compliance is given in
figure 5. The maximum values of B" at constant
pressure generally increase slightly with frequency,
which is consistent with the reduced variable for-
mulation discussed in section 5. On the other hand
the value of B^&x at v=1,000 and P=0 is about
25 percent greater than we would expect from
extrapolating values at lower frequencies using the
reduced variable formulation. A hint of this be-
havior is seen in figure 3 for P=98 bars also.
Whether this behavior is real or an artifact of the
experiment cannot be determined from these
measurements.

5. Reduced Variables
The reduced variable formulation developed for

the analysis of our earlier rubber-sulfur data [2] was
used. In this treatment the complex bulk com-
pliance,

B*(T, P , u)= , P)+AB(T, , P, (1)

is assumed to consist of two parts. The first,
Bm(T, P), is the adiabatic compliance,

V\c)Pjs~ V
V

at infinite frequency. The second is the difference
between the adiabatic compliances, B0(T, P) at
co=O and Bn(T, P) at o>= oo? times a complex nor-
malized dispersion function ^ * ( J T , P, CO), which goes
to unity at co—>0 and zero as co—> °°.

Assuming that ^ * ( T ' , P'', a / )=^*(T , P, co)
(equivalent to an invarient normalized retardation
spectrum) when the data are shifted along a tem-
perature, pressure, or log frequency axis, the final
equation used to reduce the observed compliances to
functions of reduced variables becomes

\j(c/s)

50 60 70
TEMPERATURE. T(°C)

FIGURE 5. Loss compliance plotted against temperature at
several pressures and frequencies.

B*(T',P',a')=B.,(T',Pf)
[B*{T>P' » ) - -

in which the primes designate either reduced vari-
ables or reference conditions. In a reduced variable

47



presentation only one of the independent variables is
varied while the others are held constant at the
arbitrary reference conditions. Bo and Bm are
evaluated empirically from the data in regions where
frequency dispersion is insignificant.

The independent variables are reduced following
the procedure of Williams, Landel, and Ferry [1] in
the development of the WLF Equation with the
addition of a linear pressure term in the expression
for free volume fraction,

f(T,F) =/,+ «/( T-Tg0)-(3fP

and viscosity and free volume fraction by

Tg or P<Pg), (3)

where Tg0 is Tg at P=0 and Pg is the glass transition
pressure, which may be defined as the break in the
volume-pressure curve allowing sufficient time for
significant variations to disappear. Frequency and
viscosity are related by

(4)

(5)

The viscosity used here is the steady flow shear
viscosity. One can either assume explicitly that the
retardation times determining bulk retardations are
the same as those involved in shear motions or can
look on these relations as defining a separate set of
relations for bulk deformations, of the same form
as those for shear, evaluating the constants empiri-
cally. The limited experimental information avail-
able seems to support the hypothesis that the
retardation times governing dilatation are the same as
those governing shear, except for the complications
which may enter in due to the change in volume
during the course of a given measurement [11]. In
our case the alternating volume changes are too
small to introduce any detectable effect of this type.

Equations (3), (4), and (5) are the basic equations
necessary to develop the desired relations between
the independent variables. Equation (3) written in
terms of a viscosity at the arbitrary reference condi-
tions, To and P0=0 (1 atm), is

(6)

where/0 is the free volume fraction at the reference
conditions. Substituting frequencies for viscosities
in eq (6) by utilizing eq (4) with o/ = o>r, the reduced
frequency at the reference conditions, the ratio of
corresponding frequencies is

^=exp L r / J (7)

Writing eq (7) in logarithmic form and using eq (3)
to obtain explicit temperature dependence for / and
fo, the final equation for the reduced frequency in
terms of the reduced variable parameters, the ob-

served independent variables, T,.P, and co, and the
arbitrary reference conditions, To and Po—0, becomes

In cor=ln o>—
af(T-To)-0fP

[fg+af(T-Tg0)-PfP}[fg+af(T0-Tg0)}

(8)

This reduces to the WLF Equation, if TQ is taken as
Tg and P set equal to zero, for which the "universal"
constants correspond to /^O.025 and a/=4.8X10~4

°c-1.
In a similar fashion the following equivalent ex-

pressions are found for a reduced temperature at
P0=0 and coo,

T =T-b P 4 - I lfs+^f(T-TgO)
a, +« , l-[fg+af(T-Tg0)-t3fP} In («„/«)'

(9)
and a reduced pressure at To and o>0,

[jg+af(T-Tg0)-PfPY In (a,o/co)
l-[fg+af(T-TgO)-0fPUn (10)

In this formulation the free volume fraction, / ,
is in effect an empirical function of temperature
and pressure. It is a free volume fraction related
to the difference between Vh the actual volume in
the liquid region, and Vo, the volume obtained by
linear extrapolation of the volume-temperature
relation established in the glassy region. af is
generally equal, or very close, to Aa, the difference
in isobaric thermal expansivities above and below
T If hi i d

p
Tg. If this is assumed,

& In FA din F dlnVJV

An analogous definition of (3f,

&=~V dp ) '

involves the slopes of the isothermal volume-pressure
curves below and above the glass transition pres-
sure, Pg. A free volume fraction defined in a
manner consistent with these definitions would be

/=/ f+ln (YJVJ. (13)

The logarithm of a variable may be expanded
forms:in two forms:

In *=£} (-1
and

X>2
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Representing the logarithm by the first term of the
first expansion in eq (13) yields

Vj-V,
/=/*+

and by the first term of the second expansion,

7 Jg^ v l

(14)

(15)

The latter is the usual definition of the free volume
fraction.

It turns out that (Vi—Vg)/Vg is a better approxi-
mation to In (VJVg) for F;/F f f<l and {Vl-Vg)IVl,
for Vi/Vg^l. Since VJVg is greater than one at
temperatures above Tg, (Vi—Vg)IVi is the better
approximation to In (Vi/Vg). This justifies the
choice of eq (15) rather than eq (14) as the appro-
priate approximation to the free volume fraction
consistent with the definitions of af and pf given by
eqs (11) and (12).

6. Evaluation of the Reduced Variable
Parameters

6.1. Limiting Compliances

The limiting compliances were evaluated as
bilinear polynomials in T and P from a least square
fit to the data at temperatures above and below
the dispersion region, treating each region separately.
Only the 1,000 c/s data were used because they
contain the least experimental scatter. Using this
procedure the limiting compliances in reciprocal
bars are given empirically as:

, (16)

-0.433X10-3P-0.685X10-5rP, (17)

with the difference,

-0 .950X10" 3 P-1.

=1.054+1.

—0.517X10-3P-0.326X10-5TP (18)

in which T is in units of °C and P in bars.
AB cannot be measured directly due to the limited

frequency range of the apparatus, hence it always
involves an extrapolation of either Bo or Bm, and
sometimes both. The assumption here is that eqs
(16) to (18) are valid at all temperatures and pres-
sures within the experimental range, although Bo
was determined from data at temperatures above
the dispersion
below.

region and Bm, at temperatures

6.2. Temperature-Frequency Relations

The range of frequencies covered in these measure-
ments is too small to permit an accurate evaluation
of the constants, jg and ojr, particularly since the
calculated shifts are rather insensitive to the exact
values of these constants used in the WLF Equation.
Our value of Aa at 1 atm is 4.5X10"4, in good agree-
ment with the value of 4.6X10"4 reported by Clash
and Rynkiewicz [12]. Ferry [13] finds af=5.9Xl0~4

and fg=O. 028 for poly (vinyl acetate), based on the
temperature-frequency shifts required to reduce
dynamic measurements. The difference between the
values of af and Aa may be partly due to the fact
that both are averages of a sort. af is an average
value which gives good shifting factors for tem-
peratures above Tg, whereas Aa is an average ob-
tained by approximating two curves, one above and
one below Tg, by straight lines.

For convenient reduction of our data we need a
single set of constants for use over our whole tem-
perature and pressure ranges. Ferry's «/(5.9X10~4)
times the ratio of our Aa values at 490 bars (our
median pressure) and 1 atm (for which pressure
Ferry's af was found) gives 4.8X10"4 for the value
of af at 490 bars. Since this corresponds to the
"universal" value of af, it and the corresponding
value for/ff=0.025 were used in reducing our data.

6.3. Evaluation of

( / ) f may be determined from the shift of
characteristic temperatures (for constant &*) at
constant frequency. If the actual frequency range
were sufficient, this could be evaluated directly by
observing the ratio AT/AP necessary to maintain
•Bmax at constant frequency on the loss compliance-
frequency plot. The equivalent shift when Bn is
plotted against temperature is the shift of the
characteristic temperature, Tu with pressure at
which the following relation (2) is satisfied:

B" dT
1 dAB

AB dT' (19)

This is nearly the shift of the temperature of maxi-
mum B" versus temperature with pressure. The
value of (5T/5P)/ obtained from the shift of the
maximum usually agrees within 3 or 4 percent with
that from eq (19).

Using the criteria of eq (19) on the curves of
figure 3, the characteristic temperature, Tly is
nearly linear with pressure; however, the slope
appears to increase slightly with pressure. A least
squares fit of T\ on P using all of the curves of
figure 3 yields (dT/£>P)/=0.024 °C/bar, which is the
same as that found for rubber-sulfur using the same
criteria. Neglecting the 981 bar curve yields 0.021,
which is nearly in agreement with 0.020 which
produced the best fit on the reduced variable plots
and is consequently used throughout the treatment
of these data. It may be that 981 bars is too large
for the linear dependence of free volume fraction
on pressure assumed in eq (3). In recent work by
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O'Reffly [14], (dT/dP), was found to be 0.021 from
PVT measurements and 0.022 from dielectric
measurements (i.e., 0.06 to 10 kc/s).

af and /3/ are in reasonable agreement with A a
and A/3 for many polymers. Differentiation of eq (3)
at constant free volume fraction yields

(bT/*P) ,=(*,/<* f, (20)

which should correspond to Afi/Aa. The data of
figure 1 are not sufficiently reliable to establish A0
as a function of pressure; however, AB should be
equivalent except that it is assumed to be adiabatic.
Table 2 is included to illustrate that although AB
and Aa vary with pressure, the ratio, AB/Aa, is
nearly constant when AB and Aa are evaluated at
temperatures that shift with pressure at a rate of
(bT/dP)/. This ratio does, however, appear to
increase slightly with pressure, which is in agree-
ment with the slight increase in dTi/dP with pressure.
The obvious distinction between the values of
AB/Aa in table 2 and (i)T/dP) f=0.020 will be dis-
cussed in section 8.

TABLE 2.

p

Bars
0
98
245
490
736
981

AB at

Tx

°c
50
51
56
60
65
74

Ti, A<x at Tg, and AB/Aa at i
pressures

Tg

°C
17
21
25
26

AlKTOXIO.

Bars-1

1.59
1.53
1.48
1.34
1.21
1.10

A«(T,)X10*

4.48
4.31
4.04
3.62

)arious static

A B C I W A ^ ,

°CJbar
0.035
.035
.037
.037

7. Reduced Variable Presentation

The following presentation includes the reduced
data plotted as a function of reduced frequency,
reduced temperature, and reduced pressure. The
constants used were the WLF Universal Constants
given in section 5 and pf/af=0.020 bars"1. All three
representations are equivalent because 3#* is held
constant for each shift. They are all included,
however, to illustrate the effect of varying each
independent variable (T, P, or co) while the others
are held at the reference conditions.

The simplest reduced variables presentation is a
reduced frequency plot referenced to T=50 °C and
P = 0 shown on figure 6. This is the only presenta-
tion in which the limiting compliances are constants.
In figure 6 a distinct set of values of B' may be
observed on the right which are about 5 percent
above !?«,. These values are taken at different
frequencies but all at 981 bars, which suggests that
at 981 bars the linear dependence of Bm on pressure
is no longer valid. This distinction may also be
observed in the other reduced variable plots pre-
sented later. About eight decades are required to
cover the dispersion region with a maximum
^ " = 0 . 1 9 . The corresponding values for a single
retardation time would be about 2 decades and
^"max would be 0.5.

The reduced temperature plot referenced to
*>—1,000 c/s and P = 0 is shown in figure 7. This is
the most realistic presentation for our data because
it involves the least shifting.

The reduced pressure plot referenced to T=50 °O

^2 -

1

TO=5O< c,

* •

1 1

PcrO

M •!. !M.*.*tt*|Tt* M* t
>v<>ir!*>an r i i i"5i^.

BoolO5

;i«'V*M . l u l l t l ,

—i

B'

1—

IO5

H î

•IO5

i l .•» ,im

i •• i i i

Bo-105

-

^T^ri'i 1 | . . . . . . . . | . i ; . . i . • . . ' / . ,S -

I ' 1 -1o
2 4 6 8

REDUCED FREQUENCY,
10

FIGURE 6. Reduced compliance plotted against reduced frequency referenced to atmospheric
pressure and 60 °C.
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FIGUBE 7. Reduced compliance plotted against reduced temperature referenced to atmospheric
pressure and 1,000 c/s.

7

\Jo* 1000 c/s

-2000

FIGURE 8.

1500 2000-1500 -1000 -500 0 500 1000

REDUCED PRESSURE, Pr(bars)

Reduced compliance plotted against reduced pressure referenced to SO °C
1,000 c/s.

2500

and

and v= 1,000 c/s is shown on figure 8. This is not
a realistic presentation in terms of actual pressure
because of the excessive linear extrapolation of the
limiting compliances, but does offer interesting
suggestions as to the effect of static pressure of the
dispersion. Several artifacts appear in this pres-

entation, one being the existence of a negative
pressure, which could be avoided by choosing To
sufficiently high. Also, the limiting compliances
intersect at about 2,300 bars. This again may be
due to excessive extrapolation, but does indicate the
possible convergence of the limiting compliances at
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a finite pressure. This would be equivalent to a
complete collapse of free volume (at-least/ to/g) at
finite pressure above which frequency dispersion
would not be observed.

8. Further Discussion

- An implication of this free volume concept is that
.,:the- difference between low and high frequency

limiting compliances should be consistent with the
horizontal shift of corresponding points, with static
pressure, along a temperature plot at constant fre-
quency. That is, the difference between limiting
compliances, AB, should be equal to /3, evaluated
from the horizontal shift

(bT/bP)f=pf/af (20)

except that AB is assumed to be adiabatic and 0,,
isothermal. Although the observed compliances
involve the ratio of alternating volume to alter-
nating pressure, (bT/bP) f is a quasi-static phe-
nomenon because it is evaluated from essentially
an equilibrium temperature-pressure relationship.
Since we have found only an average value for /3,,
we should compare this with our AB evaluated at
our median pressure, 490 bars, for which Tx at 1,000
c/s is 60 °C. Substituting these conditions in eq
(18) gives A5(60,490) = 1.35X10-5 bars"1. The
conversion of this to the corresponding isothermal
value may be approximated by the addition of the
term 6Vsa

2/Cp [15] where 6 is the absolute tempera-
ture and CP is the specific heat at constant pressure,
to each of Bo and B^ before the difference is taken
to obtain AB. Specific heat data for PVAc appar-
ently do not exist in the literature for pressures
other than 1 atm; however, reference 16 gives Cp
over a temperature range from "20 to 50 °C at 1 atm
for several different rates of heating. Extrapolating
limiting heat capacities at slow and fast rates yields
0.43 and 0.32 cal/g °C, respectively. Although
these values were not taken at 490 bars, they are
considered to be sufficiently reliable to obtain the
desired conversion, especially since a2 is the domi-
nant quantity. Since at and ag change little with
temperature, the values a?=5.65X10~4 and ag=2.03
X10~4 °C~1 taken from table 1 are satisfactory.
The observed value of Fs=0.84 cm3/g at 60 °C and
490 bars taken from figure 1 was used in both cases
because the time average of the specific volume
during sinusoidal deformation is appropriate in this
connection. Using these values gives for the con-
versions, 8B0=4.95 X10"6 and 5Ba=7.6 X10"7. The
difference between these added to Ai?=1.35X10~5

gives 1.77 X10"5 for the corresponding isothermal
value. The value of j3, calculated from eq (20)
using (bT/bP) ,=0.020 °C/bar and af=4.8X10~4

°C-1 (490 bars) is 0.96X10"5, which is even smaller
than the adiabatic value, AB.

On the other hand, there was close agreement
between /3, and the isothermal value corresponding
to AB for vulcanized natural rubber-12 percent
sulfur data [2] using nearly the same criteria for
comparison. In this case /3, and the isothermal

value corresponding to AB were 1.15X10"5 and
,1.21X10"5 bars"1, respectively.

Another distinction, which is probably related to
that above, between PVAc and the rubber-sulfur is
the proportion of the compliance of the free volume *
type to the. total given by the ratio AB/B0. For
PVAc this was found to be 0.41 compared to 0.25 for the
rubber-sulfur, both evaluated at Tg-\-25 °C and P = 0 .

Although the presence of small amounts of
impurities mentioned in section 4.1 influenced the
value of the apparent glass transition temperature
and possibly the magnitude of the bulk compliances
to a slight extent, it is unlikely that the applicability
of the free volume concept is strictly limited to very
pure polymeric systems. It is conceivable, however,
that the excessive value of AB in PVAc results from
additional relaxation processes not present in the
rubber-sulfur. For example, with some amorphous
polymers, in addition to the alpha process involving
changes in configuration of the polymer backbone and
therefore associated with the glass transition, con-
tributions to mechanical and dielectric response may
result from a beta process involving rotation of side
groups along the chain. For polymers that exhibit a
beta process the corresponding dispersion region will
occur at a lower temperature than that for the alpha
process. At low frequencies the two regions of a
temperature plot are usually very distinct; however,
the different activation energies for the two processes-
are such that these regions merge at high frequencies
and resolution becomes obscured. Since (dT/dP),
is a quasi-static phenomenon, one might expect that
it would not depend upon the beta process, which
would appear unfrozen over our entire experimental
range at the long transient times involved, whereas,
both dispersion regions might contribute to AB
because of the possibility of these regions merging at
the much shorter time scales (corresponding to
1/w) of the alternating pressure.

With PVAc the beta process involves the rotation
of the acetate group about the oxygen bond. Dielec-
tric data of Veselovskii and Slusker [17] on PVAc
show very distinct loss peaks near 1,000 c/s on a
temperature plot for the alpha and beta process at
60 and —80 °C, respectively. These peaks do not
appear to merge until well into the megacycle region.
These data are fairly consistent with the recent
dielectric data of Hikichi and Furichi [18] which give
the corresponding temperature for the beta process
at —58 °C and a constant apparent activation
energy of 10 kcal/mole. Based on this evidence it
would be inconsistent to attribute the excessive
value of AB to a contribution resulting from an over-
lapping beta dispersion region obscured by the alpha
process. Aside from the observation that the dis-
persion regions from the two processes do not merge
until within the megacycle region, the beta process is
unfrozen over the entire pressure, temperature, and
frequency range of our experiment; therefore, its
effect should not be observed here except, possibly,
in a more complicated fashion than anticipated.

The data of Wada, Hirose, Asano, and Fukutomi
[19] suggest a more probable interpretation of this
anomaly. Two breaks were observed in their
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volume-temperature curves for PVAc; one, the alpha
or glass transition occurring at 28 °C and a secondary
transition at 3 °C. Our volume-temperature data
did not reveal the lower break, but it is possible that

. we did not go to low enough temperatures to include
a low temperature change in slope. Wada and
coworkers suggest that the low temperature transi-
tion is due to a sufficient loosening of free volume to
permit rotation of chain ends. Many doubt the
validity of such apparent breaks in volume-temper-
ature curves at temperatures below Tg because of
uncertainties resulting from the extremely long times
required for the physical properties to reach equilib-
rium; however, even if this break is not real or com-
pletely separate from the one at Tg, the interpretation
of Wada and coworkers may be justified because of
the large temperature range of the glass transition
region observed for PVAc.

Wada and coworkers have substantiated the
existence of the low temperature transition by ob-
serving discontinuities in the complex shear modulus
at 33 kc/s for both the 3 and 28 °C transition.
Discontinuities in the temperature coefficients of the
velocity of sound, dynamic storage moduli, and
dynamic storage compliances are often observed
with polymers at Tg. These discontinuities, as
pointed out by Work [20], are manifestations of the
sudden change of thermal expansivity with temper-
ature at Tg. This behavior was, of course, not
observed at Tg in our data because such a break
would be obscured by the dispersion region. Higher
frequencies are necessary to shift the dispersion
region on a temperature plot far enough from Tg
to observe such discontinuities in the slope of the
storage compliance-temperature curve. For a more
realistic reduced variable formulation B^ at tem-
peratures above Tg should be evaluated from data
at temperatures above Tg and below the dispersion
region. Unfortunately this evaluation is not possible
with our data for the reason mentioned above.
Ultrasonic data on polymers and associated liquids
[21] indicate that the slope of the compressibility-
temperature curve increases slightly at Tg with
increasing temperatures. The corresponding AS
would then be more in agreement with (3f evaluated
from (dT/dP)f; however, since this correction was
not necessary to obtain agreement for rubber-sulfur,
it would undoubtedly not be large enough to eliminate
the lack of agreement for PVAc.

On the basis of volume-temperature data for
PVAc, which show the temperature range of the
transition region so large that more than one rate
process may be involved, it is conceivable that the
dispersion region of the dynamic data is also compli-
cated with additional mechanisms which could
result in the large difference between limiting
compliances as observed here.

The presence of additional dispersion mechanisms
might appear to impose a serious limitation on the
reduced variable treatment applied here because of
the possibility of different activation energies
associated with two or more processes. The as-
sumption in our treatment is that &* is associated
with only one type of rate process, namely the

alpha process, although many discrete retardation
times may be involved. However, since many of
the reduced variable •parameters are evaluated
empirically from the data and contributions from
the additional processes are probably small, the
treatment applied here is probably legitimate within
the experimental error as apparent from a reasonable
fit of data in the reduced plots.

After completion of the rubber-sulfur work, it
was felt that the free volume concept and corre-
sponding reduced variable treatment applied here
was adequate to explain the dynamic compressibility
behavior of polymers and possibly some associated
liquids. Now that the poly(vinyl acetate) work is
complete it is apparent that the reduced variable
treatment needs certain refinements to make the
parameters appearing in the formulation consistent
with corresponding physical constants as postulated
by theory. It is planned to continue this work on
other systems in order to postulate a better model or
make the necessary refinements on our present
concepts.

The authors are indebted to K. S. Marvin and
H. Leaderman for suggestions in preparation of the
manuscript, to Fred Quinn and Gordon Martin
for suggestions and technical assistance in static
PVT measurements, and to Miss Mary C. Danne-
miller for coding the equations for computer
calculation.
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